We recently demonstrated that the major decapping activity in mammalian cells involves DcpS, a scavenger pyrophosphatase that hydrolyzes the residual cap structure following 3¢ to 5¢ decay of an mRNA. The association of DcpS with 3¢ to 5¢ exonuclease exosome components suggests that these two activities are linked and there is a coupled exonucleolytic decaydependent decapping pathway. We puri®ed DcpS from mammalian cells and identi®ed the cDNA encoding a novel 40 kDa protein possessing DcpS activity. Consistent with puri®ed DcpS, the recombinant protein speci®cally hydrolyzed methylated cap analog but did not hydrolyze unmethylated cap analog nor did it function on intact capped RNA. Sequence alignments of DcpS from different organisms revealed the presence of a conserved hexapeptide, containing a histidine triad (HIT) sequence with three histidines separated by hydrophobic residues. Mutagenesis analysis revealed that the central histidine within the DcpS HIT motif is critical for decapping activity and de®nes the HIT motif as a new mRNA decapping domain, making DcpS the ®rst member of the HIT family of proteins with a de®ned biological function.
Introduction
Control of mRNA stability is a critical mechanism for the regulation of gene expression. All mRNAs have distinct half-lives, which are precisely regulated, and signi®cant advances have recently been made in elucidating the regulation of eukaryotic mRNA stability (Guhaniyogi and Brewer, 2001; Wilusz et al., 2001) . In the yeast Saccharomyces cerevisiae, the ®rst step of the major mRNA turnover pathway involves removal of the poly(A) tail followed by Dcp1p-dependent decapping of the mRNA (Decker and Parker, 1993; Muhlrad and Parker, 1994) . The exposed 5¢ end undergoes subsequent degradation by the 5¢ to 3¢ exoribonuclease Xrn1p (Hsu and Stevens, 1993 ). An alternative, albeit less active, degradation pathway has also been identi®ed in yeast that proceeds 3¢ to 5¢. This decay is carried out by a complex of proteins termed the exosome, which degrades the mRNA from the 3¢ terminus following deadenylation (Mitchell et al., 1997; Anderson and Parker, 1998) . The exosome was also recently shown to be the major component involved in the decay of mRNAs lacking a stop codon in a mechanism postulated to rid the cell of aberrant mRNAs that could encode abnormal proteins .
Analysis of the mammalian mRNA decay process suggests that the mRNA turnover machinery is conserved from yeast to mammals. Similarly to yeast, deadenylation appears to be the initial step in mammalian mRNA decay both in vivo and in vitro (Wilson and Treisman, 1988; Bernstein and Ross, 1989; Shyu et al., 1991; Couttet et al., 1997; Brewer, 1998; Ford et al., 1999; Wang et al., 1999; Wang and Kiledjian, 2001) . Also similarly to yeast, both 5¢ to 3¢ (Wang and Kiledjian, 2001; Mukherjee et al., 2002) and 3¢ to 5¢ (Ross and Kobs, 1986; Brewer, 1998; Kiledjian, 2000, 2001; Chen et al., 2001; Mukherjee et al., 2002) exonucleolytic decay events have been detected in mammals. However, the relative contribution of the directional exonucleolytic decay pathways appears to be the opposite of that observed in yeast. The major pathway of mRNA decay in mammals proceeds through a coupled 3¢ to 5¢ exoribonucleolytic decay of the mRNA, followed by decapping by the DcpS decapping enzyme (Wang and Kiledjian, 2001 ). The minor pathway involves a decapping of the intact mRNA, which could potentially undergo 5¢ to 3¢ exonucleolytic decay.
Several lines of evidence support the premise that upon deadenylation, decay predominantly occurs from the 3¢ end in mammals. First, c-myc mRNA, histone mRNA and generic RNA are all primarily degraded from the 3¢ end in soluble or polysome-associated in vitro decay assays (Ross and Kobs, 1986; Brewer, 1998; Chen et al., 2001; Wang and Kiledjian, 2001; Mukherjee et al., 2002) . Secondly, RNAs transfected into cells are predominantly degraded from the 3¢ end even if the 5¢ end lacks a cap structure to protect it (Wang and Kiledjian, 2001) . Thirdly, using a circularization RT±PCR assay, Couttet et al. (1997) estimated that <3% of deadenylated mRNAs were decapped, suggesting that decapping of an intact mRNA followed by 5¢ to 3¢ decay is a minor pathway of mammalian mRNA decay. Consistent with this notion, a viral mRNA with an exposed 5¢ end lacking a cap structure can remain stable in mammalian cells (Thoma et al., 2001) , further implying that the 5¢ to 3¢ decay is a minor activity. Fourthly, the endogenous c-myc mRNA, within its natural mRNP context in cells, was shown to degrade primarily from the 3¢ end (Wang and Kiledjian, 2001) . These ®ndings support the premise that the predominant decay pathway proceeds from the 3¢ end in mammals.
The 3¢ to 5¢ exonuclease exosome complex plays an important role in RNA processing both in the nucleus and in the cytoplasm of eukaryotic cells (Decker, 1998; Butler, 2002) . Numerous proteins have been shown to either directly or functionally associate with and regulate the The scavenger mRNA decapping enzyme DcpS is a member of the HIT family of pyrophosphatases The EMBO Journal Vol. 21 No. 17 pp. 4699±4708, 2002 ã European Molecular Biology Organization exosome (Jacobs et al., 1998; van Hoof et al., 2000) . Recently, the DcpS decapping enzyme was also shown to co-purify with exosomal components in a 300 kDa complex (Wang and Kiledjian, 2001) . Therefore, the exosome complex is likely to be a target for modulation and may play an active role in the coordination of diverse processes of RNA metabolism.
Decapping plays a crucial role in mRNA turnover and decapping rates can vary greatly among different mRNAs (Muhlrad and Parker, 1994; Muhlrad et al., 1995) . The yeast Dcp1p decapping enzyme is a pyrophosphatase capable of decapping the intact mRNA to release m 7 GDP. This activity preferentially hydrolyses methylated capped RNA >25 nucleotides long (LaGrandeur and Parker, 1998) . A decapping activity that functions speci®cally on the residual cap structure to release m 7 GMP following 3¢ to 5¢ degradation of the mRNA body has also been identi®ed (Nuss et al., 1975; Kumagai et al., 1992; Wang and Kiledjian, 2001 ). Its role is to complete the demise of the degraded mRNA and clear the cell of a potentially deleterious accumulation of cap analog, hence its name: scavenger decapping activity, DcpS (Wang and Kiledjian, 2001) . We now report the identi®cation of the gene encoding DcpS, which is a new member of the histidine triad (HIT) superfamily of pyrophosphatases. HIT proteins are nucleotide binding proteins that contain a conserved hexapeptide HIT motif, which consists of alternating histidines separated by hydrophobic amino acids (Seraphin, 1992) . Although the biological function of HIT proteins is not known, they have been proposed to be regulators of dinucleotide (NpppN) signaling molecules (Kisselev et al., 1998) . DcpS is the ®rst HIT protein with a de®ned biological function and identi®es the HIT motif as a new mRNA decapping domain.
Results
The scavenger decapping activity is carried out by a 40 kDa protein We recently reported that a major decapping activity in mammalian cell extract is carried out by a scavenger decapping enzyme, DcpS, which functions on the resulting cap structure following exonucleolytic decay (Wang and Kiledjian, 2001) . DcpS can associate with the exosome in a 300 kDa complex, implying the existence of a coupled 3¢ to 5¢ degradation and decapping pathway. The DcpS activity hydrolyzed methylated cap analog and speci®cally released m 7 GMP, but did not function on intact mRNA or unmethylated cap analog. In an effort to purify the DcpS protein, we initially determined its monomer size. Gel ®ltration analysis indicated that the DcpS activity was 80 kDa (Wang and Kiledjian, 2001 ). However, it was unclear whether this size corresponded to a DcpS monomer or multimer. To determine the size of the DcpS activity, MEL S130 extract was resolved by SDS±PAGE. A sequential series of gel slices was excised from a lane containing the MEL S130 extract and proteins within the slices were eluted and renatured (see Materials and methods). The ability of the renatured protein to decap 32 P-labeled cap structure containing the label at the ®rst phosphate following the methylated guanosine (m 7 G*pppG) was tested. The reaction products were separated by polyethyleneimine (PEI) cellulose thin-layer chromatography (TLC) and developed in 0.45 M (NH 4 ) 2 SO 4 . This buffer condition will separate the input cap structure from the resulting m 7 GMP. As shown in Figure 1 , m 7 GMP generated by the DcpS decapping activity was detected in the proteins eluted from three overlapping fractions that all contained protein in thẽ 40 kDa size range (lanes 6±8). Surprisingly, DcpS activity was not detected in the 80 kDa range (lanes 3 and 4), suggesting that the 80 kDa size detected by gel ®ltration in Wang and Kiledjian (2001) was most likely a consequence of dimerization, and the true size of DcpS was 40 kDa.
Puri®cation of the DcpS protein and cloning of the corresponding gene A biochemical puri®cation was undertaken to identify the DcpS protein. MEL S130 extract was used as the starting point for the puri®cation since DcpS activity is enriched in this fraction (Wang and Kiledjian, 2001 ). The puri®cation scheme is shown in Figure 2A and described in detail in Materials and methods. The fractions eluted from the ®nal Blue HP column are shown at the top of Figure 2B and the corresponding DcpS activity of each fraction is shown at the bottom. Only one band in the 40 kDa size range corresponded to the DcpS activity detected in the lower panel. This band was excised, the protein was eluted, renatured and tested in a decapping assay to con®rm that it contained decapping activity (data not shown). Mass spectrometry analysis indicated that the protein corresponded to a predicted open reading frame encoded by an unknown human cDNA originally isolated from human CD34 + hematopoietic stem/progenitor cells (HSPC015; DDBJ/EMBL/GenBank accession No. AF077201) (Zhang et al., 2000) . The clone encoded a predicted open reading frame of 337 amino acids with a calculated mass of 38.6 kDa. A search of the NCBI LocusLink database indicates that the gene is contained at human chromosome position 11q24.2.
The HSPC015 cDNA was expressed as a His-tagged recombinant protein ( Figure 3A ) and used in a decapping Fig. 1 . DcpS activity elutes at the 40 kDa size range from an SDS±PAGE gel. MEL S130 extract (100 mg) was resolved by an SDS±PAGE and sequential gel slices were eluted and renatured as described (Rudolph and Lilie, 1996) . The size and integrity of the protein in each sample were determined by rerunning an aliquot of the eluted protein on an SDS±PAGE gel and visualized by silver staining (data not shown). A sample of each eluted protein was tested for its ability to hydrolyze labeled cap analog and the products resolved by PEI TLC. The size range of the proteins is indicated at the top of each lane and migration of the standards visualized by ultraviolet shadowing is indicated on the left. Input, labeled cap analog is shown in lane 1. The schematic shown at the bottom represents the cap analog substrate used and the asterisk denotes the position of the labeled phosphate.
assay with 32 P-labeled cap analog as substrate to determine its decapping potential. The products were resolved by TLC and, as shown in Figure 3B , the recombinant protein expressed from the HSPC015 cDNA contained a decapping activity that releases m 7 GMP (lane 2) similar to DcpS activity from cytoplasmic extract. The decapping activity is sensitive to competition with unlabeled methylated cap analog (lanes 3 and 4) but minimally affected by the addition of unmethylated cap analog competitor (lanes 5 and 6), demonstrating substrate speci®city for the N-7 methyl group in the decapping. As expected, this activity only functioned on the cap analog and did not utilize capped RNA as substrate ( Figure 3C , lane 3). Furthermore, immunodepletion of human K562 cell S130 extract with polyclonal antisera directed against recombinant HisDcpS, which ef®ciently removed DcpS from the extract ( Figure 3D , lanes 1 and 2), also abolished detectable DcpS decapping activity (lanes 3 and 4). Collectively, these data indicate that the HSPC015 cDNA encodes the DcpS protein, and it will be referred to as DcpS (DDBJ/EMBL/ GenBank accession No. AF532613) hereafter.
The extent of decapping product inhibition of DcpS was also tested. Endogenous DcpS is inhibited by cap analog in extract (Wang and Kiledjian, 2001) , as is recombinant DcpS ( Figure 3A) . However, the relative inhibition of the m 7 GMP product compared with the cap analog was not known. Decapping assays were carried out in the presence of increasing concentrations of m 7 GpppG, m 7 GMP and m 7 GDP. As shown in Figure 3E , the m 7 GMP product was able to compete for DcpS activity to a level comparable to that of m 7 GpppG cap analog (compare lanes 6±8 with 3±5). Surprisingly, we found that m 7 GDP was even more ef®cient at inhibiting DcpS activity than were either m 7 GMP or cap analog (lanes 9±11), but DcpS was unable to hydrolyze m 7 GDP (data not shown). These data indicate that DcpS is also competent in binding both m 7 GMP and m 7 GDP, and the binding to m 7 GDP is greater.
The ability of DcpS to hydrolyze the cap analog but not a 136 nucleotide capped RNA ( Figure 3C ) implied that there is a maximal RNA size limit that DcpS can utilize as substrate and decap. To determine the size range of RNA that DcpS can function on, RNase H cleavage was used to generate de®ned-length RNAs. Three oligonucleotides complementary to regions at the 5¢ end of the polylinker (pcP) RNA were used to generate cap-labeled RNAs of 10, 15 and 20 nucleotides by RNase H cleavage (see Materials and methods). The RNAs were subsequently subjected to decapping by recombinant DcpS. As shown in Figure 4 , DcpS was capable of decapping the cap analog (lane 2) as expected and was also able to hydrolyze the 10 nucleotide substrate (lane 3). However, the caps of the longer RNAs were not ef®ciently utilized as substrate and not cleaved (lanes 4 and 5). These data suggest that DcpS is capable of acting on an mRNA once it is degraded down to 10 nucleotides.
Identi®cation of DcpS homologs in S.cerevisiae
A DcpS decapping activity is present in yeast (Wang and Kiledjian, 2001) , indicating that a gene encoding the yeast homolog of human DcpS would be contained in the yeast database. A sequence search of the S.cerevisiae genomic database identi®ed two genes with unknown function that Proteins were eluted with an increasing KCl gradient from 100 to 670 mM and either resolved by SDS±PAGE and visualized by silver staining (top), or used in a decapping assay and the products resolved by PEI TLC (bottom). Labeling is as described in the legend to Figure 1 . The decapping assays were carried out in the presence of 1 mM cold cap analog to slow the reaction. The fraction numbers are indicated between the two panels. The candidate band, which corresponded with DcpS activity, is indicated. Protein size markers are shown on the left in kDa.
Scavenger mRNA decapping enzyme, DcpS were potential homologs of DcpS. They were YLR270W and YOR173W, and the proteins encoded by the two genes are 30% identical (65% similar) and 34% identical (65% similar) to human DcpS, respectively. YLR270W is contained on yeast chromosome XII and YOR173W is on chromosome XV. To test whether either protein was responsible for the yeast DcpS activity, we obtained haploid yeast strains disrupted for either gene (ResGen; Invitrogen). Both yeast strains are viable, indicating that neither gene is essential, although the YLR270W strain His-tagged DcpS (100 ng) was tested for its ability to hydrolyze labeled cap analog (lanes 2±6). Lanes 3 and 4 contain 1 and 10 mM methylated cap analog competitor, while lanes 5 and 6 contain the same amount of unmethylated cap analog competitor. The substrate is shown at the bottom of the ®gure. (C) His-tagged DcpS was used to hydrolyze labeled cap analog (lane 2) or cap labeled RNA (lane 3). DcpS is unable to utilize the intact RNA as substrate. (D) Polyclonal antibody directed against recombinant His-DcpS was used to immunodeplete K562 S130 extract. A western blot of extract depleted with pre-immune or DcpSspeci®c antisera is shown in lanes 1 and 2, respectively. The products of a decapping assay using 10 mg of the respective depleted extract were resolved by PEI TLC (lanes 3 and 4) . Migration of the standards and schematic of the substrate are indicated as above. Extract depleted of DcpS is devoid of scavenger decapping activity. (E) Decapping of labeled cap analog was carried out with His-tagged DcpS (100 ng) in the presence of the indicated competitors. Lanes 3, 6 and 9 contained 0.25 mM competitor. Lanes 4, 7 and 10 contained 1 mM competitor, and lanes 5, 8 and 11 contained 2.5 mM indicated competitor. The different levels of cap analog competitor susceptibility observed in (B) and (E) are due to the use of two separate preparations of recombinant DcpS for each panel.
had a slow growth phenotype. Decapping assays were carried out with extract derived from exponentially growing cells of each deletion strain to determine whether decapping was compromised in either cell. Labeled cap analog was used as substrate since it is cleaved by DcpS but is not hydrolyzed by the yeast Dcp1p decapping enzyme, which only functions on intact capped RNA (LaGrandeur and Parker, 1998). As shown in Figure 5A , extract from a wild-type yeast parental strain (BY4741) contains DcpS activity (lane 4), while extract derived from an isogenic strain with a disrupted YLR270W gene had no detectable decapping activity (lane 2). However, extract from a strain with a disrupted YOR173W gene contained wild-type levels of DcpS activity (lane 3). Therefore, the YLR270W gene product is required for the DcpS-mediated decapping in yeast, while the YOR173W gene product does not have an obvious contribution.
To directly determine whether the YLR270W gene product contains a pyrophosphatase activity, His-tagged recombinant protein encoded by the YLR270W gene was expressed in Escherichia coli and used in a decapping assay. As shown in Figure 5B , the recombinant protein contained a DcpS-like pyrophosphatase activity (lane 3), which released m 7 GMP, while His-tagged fusion protein from YOR173W (lane 4) did not nor did a control protein (lane 2). These data indicate that the YLR270W gene encodes the yeast DcpS (yDcpS) protein, while the function of a closely related protein encoded at YOR173W, which is 65% identical (90% similarity), remains unknown.
The signi®cance of yDcpS for decapping in cells was tested by transfection of labeled RNA into yeast cells. RNA transfected into yeast cells is primarily degraded by the 3¢ to 5¢ decay pathway (Brown and Johnson, 2001 ). If yDcpS is involved in clearing the methylated cap analog following 3¢ to 5¢ decay, we would expect cap analog to accumulate in the deletion strain but not in the wildtype strain. 32 P-cap-labeled RNA corresponding to the pcDNA3 pcP was transfected into either wild-type or yDcpSD strains. Post-electroporation (6 h), cells were lysed and decapping products detected by TLC resolved in 0.75 M LiCl. Both samples contained a product ( Figure 5C , lanes 1 and 2) that co-migrated with labeled cap analog (lane 3). However, since free phosphate also co-migrates at this position with this buffer system (lane 4), the identity of the products could not be determined unambiguously. To this end, an aliquot of the samples used in lanes 1 and 2 was treated with recombinant yDcpS. yDcpS converts cap analog to m 7 GMP. yDcpS ef®ciently hydrolyzed the products from the yDcpSD strain in lane 2 to m 7 GMP (lane 7), indicating that cap analog accumulated in the deletion strain. However, as seen in lane 6, yDcpS had no effect on the product detected from the wild-type yeast cells shown in lane 1, demonstrating that the original major product was 32 Pi, which was generated upon dephosphorylation of the m 7 GMP decapping product in the cells. Interestingly, two additional products are detected in lane 2 that are also hydrolyzed by DcpS and converted to m 7 GMP. The identity of the central product is unknown; however, the lower spot co-migrates with a cap analog containing a 3¢ phosphate (lane 5), indicating that this spot probably corresponds to m 7 GpppGp. Furthermore, recombinant DcpS can ef®ciently hydrolyze cap analogs with either a 3¢ hydroxyl or phosphate (data not shown). Collectively, these results provide evidence that yDcpS is involved in the decapping of cap analog following decay of the RNA both in cells and in extract.
DcpS contains a functional HIT pyrophosphatase motif Sequence searches of the GenBank database using the DcpS protein sequence identi®ed potential homologs in other organisms, indicating that DcpS is a conserved protein present in a variety of species. For example, overall protein identities between the human DcpS and putative DcpSs from the following species are: 89% with mouse, 42% with Drosophila melanogaster, 41% with Caenorhabditis elegans and 39% with Schizosaccharomyces pombe. Computer searches did not detect extensive obvious homology to other known proteins. A manual examination of the protein revealed the presence of a His-f-His-f-His-f sequence, where f denotes hydrophobic amino acids. These six amino acids are the central core of the HIT pyrophosphatase motif. Proteins with a HIT domain are nucleotide binding proteins that can hydrolyze a pyrophosphate bond (Guranowski et al., 1996; Guranowski, 2000) . Other than the HIT hexapeptide, DcpS does not share any region of homology with other HITmotif-containing proteins. An alignment of the HIT-motif region of putative DcpS proteins from a select number of organisms is shown in Figure 6A . A high degree of identity exists between the different DcpS proteins in the HIT region, suggesting a functional signi®cance for this domain.
To test the importance of the HIT motif within DcpS, the central histidine, which is critical for pyrophosphatase activity of other HIT proteins (Lima et al., 1997) , was Recombinant DcpS (500 ng) was used in decapping assays utilizing various length cap-labeled substrates. Labeled cap analog (lane 1), which contains one nucleotide following the m 7 G, was used as the substrate in lane 2. 5¢-end-labeled oligonucleotides of 10, 15 and 20 bases in length were used in lanes 3, 4 and 5, respectively. The decapping products were resolved by PEI TLC. Labeling is as described in the legend to Figure 1 .
Scavenger mRNA decapping enzyme, DcpS
replaced with an asparagine (H277N) and the mutant human protein tested for pyrophosphatase activity. As shown in Figure 6B , this single amino acid substitution eliminated the decapping activity of DcpS (lane 4). These data con®rm that DcpS contains a functional HIT pyrophosphatase domain and demonstrate the signi®cance of the central histidine for decapping. Furthermore, they demonstrate that the detected activity is a consequence of the DcpS recombinant protein and not a co-purifying contaminant protein. Interestingly, the HIT-motif region is also highly conserved in the yeast YOR173W gene product ( Figure 6A , bottom) despite the fact that it did not contain DcpS activity (Figure 5 ), demonstrating that the HIT motif is necessary, but not suf®cient, for decapping.
Discussion
We present the puri®cation of the major mammalian mRNA decapping enzyme DcpS and the identi®cation of a novel cDNA (HSPC015) encoding the 40 kDa protein.
Recombinant DcpS speci®cally hydrolyzed methylated cap analog or capped mRNA of`10 nucleotides. DcpS contains a functional HIT pyrophosphatase motif essential for its decapping activity. It is the ®rst member of the HIT family of proteins with a de®ned biological function other than a general pyrophosphatase activity and identi®es the HIT motif as a domain involved in mRNA decapping.
There are at least two distinct decapping activities in eukaryotes: one decaps the intact mRNA and triggers 5¢ to 3¢ exonucleolytic decay, while the second decaps the residual cap structure following 3¢ to 5¢ exonucleolytic decay of the mRNA. The decapping of intact RNA is carried out by the Dcp1p enzyme in yeast (Beelman et al., 1996; LaGrandeur and Parker, 1998) and by a protein containing Dcp1p-like activity in mammals . Both proteins hydrolyze the cap structure of an intact mRNA to release m 7 GDP. The scavenger decapping activity is carried out by DcpS in mammals and by its homolog, yDcpS, in yeast to complete the demise of an mRNA. The demonstration that m 7 GDP was a more ef®cient competitor of DcpS activity than were either cap analog or m 7 GMP ( Figure 3B ) suggests that a link between the two decapping activities could exist, where the product of the Dcp1-like decapping (m 7 GDP) may serve as a regulator of DcpS activity.
A decapping activity similar to DcpS was previously described and shown to function on capped RNAs shorter than seven nucleotides (Nuss et al., 1975; Nuss and Furuichi, 1977) . It was postulated that this activity functioned as a scavenger to rid the cell of residual methyl cap analog following 3¢ to 5¢ decay of the mRNA (Nuss et al., 1975) . A protein with a similar activity was also puri®ed by Kumagai et al. (1992) . Considering the results in Figure 3 , where immunodepletion of DcpS eliminates this activity from cell extract, it is highly likely that the previously described decapping activities were carried out by DcpS.
It is intriguing that yeast contains two DcpS like proteins. These proteins are 65% identical (90% similar) to one another, both contain a HIT motif and they are~30% identical (65% similar) to the human DcpS protein. Although neither protein is essential for viability, one of these proteins, yDcpS (YLR270W), is capable of hydrolyzing the cap structure ( Figure 5B ) in extract as well as in cells ( Figure 5C ). The functional signi®cance of the second protein encoded by YOR173W is not known. Curiously, we have not been able to detect a second gene similar to YOR173W encoding a DcpS-like protein in mammals or any of the other organisms listed in Figure 6 . It will be interesting to determine the function of the YOR173W gene product and what its counterpart is in mammals.
The inability of DcpS to function on RNAs >10 nucleotides long suggests that DcpS is able to detect whether the mRNA is degraded or intact and speci®cally decap a structure that has a signi®cant portion of the mRNA body removed. This hypothesis implies either that DcpS is unable to bind the cap structure when the RNA is intact (perhaps due to steric interference), or that it contains an RNA`sensing' mechanism (perhaps a novel RNA-binding motif) and when it simultaneously detects the cap structure and mRNA its decapping activity is inhibited. We are currently testing these hypotheses.
The HIT motif that contains a conserved HIT sequence was originally discovered by sequence alignment (Seraphin, 1992) . Proteins within the HIT family fall into two branches and proteins within each branch share substantial similarity to one another. One class is only found in animals and fungi, and constitutes the Fhit (fragile histidine triad) branch, while the second, Hint (HIT-nucleotide binding protein), is more ancestral and present in all phyla (Guranowski, 2000) . Although a high degree of conservation exists among proteins within each branch, the HIT hexapeptide is the only region absolutely conserved between the two branches (Brenner et al., 1999) . Structural analysis of representative HIT proteins from each of the two branches revealed that they form a homodimer with a 10-strand antiparallel b-sheet and two pyrophosphatase domains (Brenner et al., 1997; Pace et al., 1998) . Although DcpS shares no obvious sequence homology with other HIT proteins, except for the HIT hexapeptide, its 80 kDa size determined by gel ®ltration (Wang and Kiledjian, 2001 ) implies that it too has the potential to form a homodimer. However, the speci®city for methylated guanosine cap demonstrates that DcpS is distinct from the previously reported HIT protein dinucleotide triphosphatases, which can ef®ciently hydrolyze both methylated and unmethylated structures (Guranowski et al., 1996; Guranowski, 2000) . DcpS and its homologs probably constitute a third branch within the HIT superfamily of proteins. The central histidine of a HIT motif is involved in the pyrophosphatase activity. It catalyzes a covalent nucleotidyl phosphohistidyl intermediate, which is utilized as a nucleophile for the a phosphate group of a dinucleotide triphosphate (Lima et al., 1997; Abend et al., 1999) . Consistent with the signi®cance of the central histidine in the pyrophosphatase activity, substitution mutagenesis of the central histidine in DcpS (H277N in Figure 6B ) demonstrates that DcpS also contains a functional HIT motif.
Many of the HIT proteins identi®ed appear to function on dinucleotide signal molecules linked by pyrophosphate bonds. For example, the Fhit protein preferentially hydrolyzes ApppA and this function is thought to contribute to tumor suppression. However, how the dinucleotide could potentially elicit a physiological consequence is unknown. Similarly, DcpS might be required for the elimination of the m 7 GpppN cap dinucleotide following mRNA decay, which could have at least two functional consequences. First, hydrolysis of the cap structure could minimize potential sequestration of eIF4E cap binding protein from the cap of translationally competent mRNA. Secondly, hydrolysis of the cap structure could be involved in the regulation of PARNmediated deadenylation. Cap analog has been shown to inhibit PARN activity (Dehlin et al., 2000; Gao et al., 2000; Martinez et al., 2000) . Therefore, one consequence of DcpS could be in a feedback mechanism to regulate PARN-mediated deadenylation. This could be a signi®cant regulatory step since the initial step of decay is the removal of the poly(A) tail. Both of these potential regulatory roles are being addressed.
The association of DcpS with the mammalian exosome and the maximum size of capped oligonucleotide that can serve as a DcpS substrate suggest the following model for the 3¢ to 5¢ decay pathway in mammals. Following decay of an mRNA from the 3¢ end by the exosome, the associated DcpS would be capable of cleaving the residual cap once the mRNA size is decreased to`10 nucleotides. 
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The cap binding potential of DcpS, as well as its association with the exosome (Wang and Kiledjian, 2001) , makes DcpS an attractive candidate to coordinate speci®c targeting of the exosome to capped mRNA. Future efforts will address any potential coordination of function between the exosome and DcpS in the regulation of mRNA decay.
Materials and methods
Plasmid constructs and recombinant protein puri®cation The pET28-hDcpS plasmid contains the human DcpS open reading frame derived by PCR ampli®cation of K562 cell reverse transcribed mRNA. The 5¢ primer (5¢-AGGATCCCGCCTCCGCGGCAGCATG-3¢) introduced a BamHI site and a 3¢ primer (5¢-TCTCGAGTCAGCTTTGC-TGAGCCTCCTG-3¢) introduced a XhoI site. The PCR products were cleaved with BamHI and XhoI, and inserted into the same sites of pET28a (Novagen, Madison, WI). The plasmids expressing yeast proteins encoded by YLR270W (pET28-yDcpS) and YOR173W (pET28-YOR173W) were PCR ampli®ed from genomic DNA using primers that introduce BamHI and XhoI, and inserted into the same sites of pET28a as above. The primer set for yDcpS was 5¢-AATTTGGATC-CATGTCTCAACTGCCAACAG-3¢ and 5¢-CAGCCCTCGAGTTATT-TAAAACCGTTCAC-3¢. The primer set for YOR173W was 5¢-TCGCGGGATCCATGAGTATAAAGGCAGAAAG-3¢ and 5¢-AGC-GCCTCGAGTCAACCCAAATTGGTATTG-3¢. The plasmid pEThDcpS-H277N, which substitutes His277 with asparagine, was generated using the QuikChange mutagenesis system according to the manufacturer's instructions (Stratagene, La Jolla, CA) with the following primers: 5¢-CCCTCCTACTACCACCTGAATGTGCACTTCACCGCC-CTG-3¢ and 5¢-CAGGGCGGTGAAGTGCACATTCAGGTGGTAGTA-GGAGGG-3¢. The plasmid expressing His-tagged PARN (pET30-PARN) was kindly provided by M.Wormington (University of Virginia) (Korner et al., 1998) . Expression and puri®cation of the His-tagged recombinant proteins His-yDcpS, His-YOR173W and His-PARN were carried out under native conditions according to the manufacturer's suggested protocol (Novagen). Puri®cation of His-hDcpS was carried out under denaturing conditions with 6 M urea according to the manufacturer's instructions and the protein renatured by sequential dialysis against PBS to remove the urea. All PCR generated constructs were con®rmed by sequencing.
Extract preparation
Murine erythroleukemia (MEL) cells were obtained from the National Culture Center (Minneapolis, MN). Cytosolic S130 extract was isolated as described in Rodgers et al. (2002) . Yeast extracts from YLR173WD and YOR270WD deletion strains, or the parental BY4741 strain (purchased from ResGen Invitrogen Corporation, Huntsville, AL), were prepared as described previously (Zhang et al., 1999) .
Protein isolation from SDS±PAGE Proteins were eluted and renatured from an SDS±PAGE gel essentially as described in Rudolph and Lilie (1996) but with slight modi®cations. MEL S130 extract (100 mg) was resolved by 12.5% SDS±PAGE and, without staining, 1 cm gel slices were excised with a razor. Protein was electroeluted from the gel slice at 35±45 V in 1Q TAE for 16 h at 4°C in a dialysis bag submerged in the same buffer. Protein was renatured by dialyzing overnight against renaturation buffer [50 mM Tris±HCl pH 8.5, 500 mM L-arginine, 5 mM EDTA, 0.4% (w/v) PEG3000, 5 mM reduced glutathione (Sigma, St Louis, MO) and 1 mM oxidized glutathione (Sigma)] and subsequently dialyzed against PBS with 10% glycerol and stored at ±80°C.
Biochemical fractionation S130 extract derived from 150 l of MEL cells was used as the starting point for DcpS puri®cation. All puri®cation steps were carried out at 4°C with ice-cold buffers. An ammonium sulfate cut was used to concentrate and enrich the S130 extract by the addition of solid (NH 4 ) 2 SO 4 to 25% saturation (1 M). After centrifugation at 4000 g for 20 min, the resulting supernatant was bound to a HiPrep Octyl±Sepharose column (Pharmacia) equilibrated in 1 M (NH 4 ) 2 SO 4 and 50 mM Na 2 HPO 4 pH 7.5, and protein was eluted with 0.6 M (NH 4 ) 2 SO 4 and 50 mM Na 2 HPO 4 pH 7.5. The extract was further enriched with the addition of solid (NH 4 ) 2 SO 4 to 40% saturation (1.7 M) and precipitated proteins were removed by centrifugation as above. The resulting supernatant was dialyzed against HG (20 mM HEPES pH 7.5, 10% glycerol) with 40 mM KCl (HG-40) and passed through an SP-Sepharose column (Pharmacia, Piscataway, NJ). Solid (NH 4 ) 2 SO 4 was added to the¯ow-through to achieve 60% saturation, and precipitated proteins were collected by centrifugation, dissolved in HAB (20 mM HEPES pH 7.5, 100 mM KCl, 1 mM DTT, 10% glycerol) and dialyzed against HAB with 10 mM Na 2 HPO 4 . The protein was subsequently bound to a hydroxyapatite column (Pharmacia) equilibrated in the same buffer. The¯ow-through was collected and dialyzed against HEG (20 mM HEPES pH 7.5, 1 mM EDTA, 10% glycerol) with 40 mM KCl (HEG-40), and loaded onto a DEAE column (Pharmacia) equilibrated in the same buffer. Bound protein was eluted with a 7 ml gradient from 40 to 270 mM KCl. Fractions (0.5 ml) were collected and tested for DcpS activity. Fractions containing activity were pooled, dialyzed against HEG-100 and loaded onto a Blue HP column (Pharmacia) equilibrated in the same buffer. Bound proteins were eluted with an 8.5 ml gradient from 100 to 670 mM KCl, 0.5 ml fractions collected and dialyzed against HG-40. An aliquot from each fraction was resolved by SDS±PAGE and protein visualized by silver staining, as previously described (Rodgers et al., 2002) , as well as tested for DcpS activity. Mass spectrometry analysis of the DcpS candidate protein was carried out at the UMDNJ Mass Spectrometry Facility (Newark, NJ).
Generation of labeled RNA and labeled cap structure Unlabeled, uncapped RNA corresponding to the pcDNA3 pcP was transcribed in vitro by T7 polymerase, according to the manufacturer's instructions (Promega, Madison, WI), from a PCR-generated template using T7 and SP6 promoter primers. Cap labeling of the RNA was carried out with the vaccinia virus capping enzyme in the presence of [a-32 P]GTP and S-adenosyl-methionine (SAM) to label the a-phosphate (relative to the terminal guanosine; m 7 G*pppN-), and gel puri®ed by denaturing polyacrylamide gel, as described in Wang et al. (1999) . Labeled cap structure containing a 3¢ hydroxyl was generated by treating the caplabeled RNA with nuclease P1 (Roche, Indianapolis, IN) to degrade the RNA leaving the cap structure intact, as described previously (Wang and Kiledjian, 2001) . Labeled cap structure with a 3¢ phosphate was similarly generated using 200 U of RNase T1 (Roche) for 1 h at 37°C. The samples were extracted once with an equal mixture of phenol:chloroform (1:1) and twice with chloroform, and the resulting supernatant containing the labeled cap analog was used as substrate for the decapping assays. Methylated cap analog and its derivatives m 7 GMP and m 7 GDP used as cold standards for TLC were purchased from Ambion.
Cap-labeled oligonucleotides of de®ned length in Figure 4 were generated with RNase H cleavage. Cap-labeled pcP RNA was generated by T7 polymerase and gel puri®ed as above, annealed with either GCTCGGTACCAAGCT (T7/10), TCCGAGCTCGGTACC (T7/15) or GTGGATCCGAGCTCG (T7/20), and subjected to RNase H cleavage according to the manufacturer's instructions (Promega). The antisense primers were designed to generate a 10 nucleotide (T7/10), a 15 nucleotide (T7/15) and a 20 nucleotide (T7/20) cap-labeled RNA. The resulting RNAs were extracted once with phenol:chloroform (1:1) and twice with chloroform. The supernatant containing the oligonucleotide was utilized as the substrate for the decapping assay.
Detection of decapping products
Proteins or fractions were incubated with the labeled cap structure in IVDA buffer (10 mM Tris pH 7.5, 100 mM KOAc, 2 mM MgOAc, 2 mM DTT, 10 mM creatine phosphate, 1 mM ATP, 0.4 mM GTP, 0.1 mM spermine) for 20±30 min at 37°C. The reactions were stopped and extracted once with an equal mixture of phenol:chloroform and twice with chloroform. An aliquot was applied to PEI±cellulose TLC plates (Sigma) that were pre-run in H 2 O and air dried prior to use, and the products were developed with 0.45 M (NH 4 ) 2 SO 4 at room temperature. The TLC in Figure 5C was developed in 0.75 M LiCl. The plates were dried and exposed to Kodak BioMax ®lm overnight. Quantitations were carried out using a Molecular Dynamics PhosphorImager (Storm860) using ImageQuante-5 software.
RNA electroporation RNA was electroporated into yeast cell as described previously (Searfoss et al., 2002) with slight modi®cation. Cap-labeled RNA (2 Q 10 7 c.p.m./ 2 mg) generated as above was electroporated into 200 ml of yeast spheroblasts (2 Q 10 8 cells/ml) resuspended in 1 M sorbitol. Following discharge, the cells were washed twice with YPD containing 1 M sorbitol at room temperature, then resuspended in the same medium and incubated at 30°C with gentle swirling. Cells were harvested at the indicated times, washed twice in yeast spheroblast buffer A (Everett and Gallie, 1992; Searfoss et al., 2002) and lysed by freezing±thawing in liquid nitrogen. The supernatant was extracted twice with an equal mixture of phenol and chloroform, and the decapping products detected by TLC.
Generation of antibodies, immunodepletion and western analysis
Polyclonal antibody directed against recombinant His-DcpS was commercially generated in rabbits (Cocalico Biologicals, Reamstown, PA). Immunodepletions of 100 mg of K562 S130 extract were carried out with three sequential incubations of 30 ml of antibody bound to 20 ml of protein A beads in PBS/0.5% Tween-20, as described previously (Wang and Kiledjian, 2001) . Primary antibody at 1:1000 dilution was used for western analysis and visualized by ECL using a horseradish peroxidaseconjugated goat anti-rabbit secondary antibody (1:5000 dilution; Cappel, West Chester, PA).
